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INTRODUCTION
Post-weaning diarrhoea (PWD), which is characterised by watery faeces within the first two weeks after weaning, is a multifactorial disease commonly associated with proliferation of certain strains of enterotoxigenic Escherichia coli (ETEC) that attach to epithelial receptors in the small intestine (Pluske et al., 1997; Hopwood and Hampson, 2003; Fairbrother et al., 2005) . Weaning is also associated with activation of inflammatory cascades (Lallès et al., 2007) that are likely to increase requirements for specific essential amino acids (Melchior et al., 2004; Heo et al., 2013) such as Met and Cys (sulphur amino acids (SAA)), which are needed for immune function, glutathione synthesis and growth (Grimble, 2006) . The conversion rate of Met to Cys (which is irreversible) increases during immune system stimulation to meet the Cys needs for the immune system and thus increases the dietary Met requirements to satisfy the needs of protein synthesis (Rakhshandeh et al., 2014) . Kim et al. (2012a) , for example, demonstrated that immune system stimulation caused by E. coli-derived lipopolysaccharide (LPS) increased the SAA:Lys requirement of finisher pigs from 0.58 to 0.75, to optimize feed efficiency and protein deposition.
For pigs between 7-11 and 11-25 kg body weight, the recommended standardised ileal digestible (SID) SAA:Lys is 0.56 and 0.55, respectively (National Research Council, 2012) . However and given the various inflammatory challenges faced by pigs in the post-weaning period, it is possible that the pigs' requirement for SAA lies above these currently recommended levels. In this regard, the hypothesis examined in this experiment was that, relative to Lys, the needs for SAA are increased under conditions of a pathogenic ETEC challenge after weaning, and that the negative effects of inflammation on pig productivity can be abridged when the dietary SAA:Lys is increased.
MATERIALS AND METHODS
The experimental protocol was reviewed and approved by the Animal Experiments Committee Utrecht (DEC Utrecht, Approval number 2009.III.02.018), and the Murdoch University Animal Ethics Committee (??).
Screening for F4 receptors
At birth, tail samples from piglets farrowed at the Trouw Nutrition Swine
Research Centre, The Netherlands, were collected to test the pigs' susceptibility to the enterotoxigenic F4 E. coli (O149:K88) used in the infection model. The pigs were screened for the presence of F4ab/ac receptor genes using labeled primers and PCR as described by Jensen et al. (2006) . Pigs were then classified as homozygous resistant (RR), homozygous susceptible (SS) or heterozygous (RS) for F4ab/ac. Animals selected for the trial were RR or RS genotypes for F4ab/ac receptors.
Experimental diets, animal housing and management
A total of 120 pigs (Pietrain) weighing 7.4 ± 0.52 kg (mean ± SD) (1:1 male: female) were selected at weaning (27 d of age) and stratified according to weight, sex and genotype for the F4 receptor (RR:RS=7:3) into 1 of 6 treatments. Tables 3 and 4 . All diets were provided in pellet form with a diameter of 2.2 mm. All diets were formulated to meet the requirements for energy and all nutrients with the exception of Lys, which was marginally limiting (Boisen, 2003) . Phase 1 diets were formulated to contain 10.25 MJ net energy (NE)/kg, 20.9% CP, and a SID Lys content of 1.17%. Phase 2 diets were formulated to 10.25 MJ NE/kg, 19.9% CP and a SID Lys content of 1.07%. As Cys can be synthesized in the body from Met (Li et al., 2007) , only DL-Met was added to the diets to increase SAA:Lys. Increased DL-Met supplementation progressively increased Met to Cys ratios from 0.47 to 0.54, 0.59, 0.63, and 0.67. Samples of feed ingredients were sent for AA analysis (Evonik, Hanau, Germany) and diets were reformulated based on the analysed AA contents and values for SID prior to diet manufacture (Sauvant et al., 2004) .
It is known that newly weaned pigs have a low and variable feed intake with piglets often not meeting their maintenance energy requirements until at least d 7 after weaning (Pluske et al., 1997) . Therefore, an adaptation period was used to ensure that pigs were eating the treatment diets (and thus varying levels of SAA) before experimental infection with E. coli. 
Diet analysis
Diet samples were analyzed using a ballistic bomb calorimeter to determine GE content (Invivo Labs, Binh Duong City, Vietnam). Diets were also analyzed for CP and AA content by Evonik (Hanau, Germany) as described by Htoo et al. (2007) .
The dietary SID SAA: Lys ratios were then corrected based on the analyzed dietary AA contents using the following formula;
Corrected SID SAA:Lys = (calculated SID SAA:Lys x analyzed total SAA:Lys) / calculated total SAA:Lys.
Experimental infection with E. coli
A 900 µL aliquot of 15% glycerol ETEC (serotype O149:K91:F4ac) stock solution was used to inoculate 50 mL of sterile brain heart infusion medium. Cultures were then incubated at 37 ºC on an orbital shaker for 2 hours and 40 minutes so as to enter the mid-log phase of growth. This culture was then diluted 1:10 with a 2.5%
sucrose solution before being transported on ice to the piggery. Experimental infection with ETEC was conducted at d 8, 9 and 10 after weaning via daily oral dosing using a syringe. Each infected pig received 5 mL/d of freshly prepared broth to provide 1.13 x 10 8 cfu/mL of E. coli per pig.
Faecal scoring and faecal swabs
A visual assessment of faeces was conducted daily. Faecal consistency was assessed on a four-point scale with scores 0 (solid), 1 (soft), 2 (sloppy), and 3 (liquid).
Diarrhoea was defined as pigs having a score of 3. The incidence of PWD was defined as the number of days with a score of 3 over the time period. Faecal swabs were taken on d 8, 10, 12, 15, 17 and 20 by inserting a sterile cotton bud into the anus.
Swabs were streaked out onto sheep blood agar plates and incubated overnight to ascertain the amount of faecal shedding of F4 E. coli as described by Heo et al. (2009) . The presence of β-hemolytic E. coli was then scored using a subjective score on a six-point scale ranging from 0 to 5, where: 0 = no growth, 
Blood sampling
Blood samples from each pig were taken on d 8, 10 and 20 after weaning.
Samples were collected from the jugular vein into lithium heparin tubes. Blood was processed by centrifugation at 2,000 g at 4 ºC for 10 minutes to separate plasma from erythrocytes. Plasma samples were then aliquoted and stored at -20 ºC until analyzed.
Plasma analysis
Plasma urea (PU) on d 8, 10 and 20 were determined using an Olympus AU400 (Tokyo, Japan) analyzer (Olympus Reagent Kit OSR6134; Beckman Coulter Ireland Inc., Co. Clare. Ireland). An Olympus AU400 analyzer was also used to determine the plasma levels of haptoglobin (Makimura and Suzuki, 1982) at d 8, 10
and 20 after weaning. Plasma albumin was measured using a Randox Daytona analyzer (Crumin, UK) and a commercial kit (Cat #AB3800, Randox, Crumin, UK).
Levels of tumor necrosis factor alpha (TNF-α) were measured using a commercial ELISA kit (Cat # DY690-B, R & D Systems, Minneapolis, USA).
Amino acids from plasma samples from d 10 were analyzed (Animal Health Laboratories, DAFWA, Perth, Western Australia) using HPLC on a reverse-phase C-18 column (Laich et al., 2002) . Cysteine is unstable and readily oxidizes to cystine (Meister, 1988) . The method used to determine AA in plasma used hydrolyzation to stop this from occurring, however the effect is not always immediate and thus initial reading of Cys cannot be determined. Therefore, results presented are a total of Cys and cystine.
Statistical analyses
Faecal F4 E. coli score and days with PWD data were analyzed using the GLM function in SPSS (Version 20, SPSS Institute Chicago, Illinois, USA) with pig as the experimental unit and treatment as the independent variable. Data were further analyzed using the repeated-measures function in GLM to determine if there was an interaction between time and diet. Mortality of pigs for the overall time period was analyzed using Pearson's Chi squared test in SPSS. As faecal F4 E. coli score, days with PWD and mortality of piglets did not differ between pigs infected or not infected with ETEC and fed 0.55 SID SAA:Lys, these groups were subsequently combined for all further analyses. Production data for the first 6 d were analyzed with pens as the experimental unit for ADG, ADFI and G:F using the ANOVA function, to ensure no effect of treatment occurred within the first 6 d of weaning. Production data after d 7
and plasma data were then analyzed using the ANOVA function for linear and quadratic effects with pig as the individual unit and dietary SID SAA:Lys as the independent variable. Overall treatment means for ADG, ADFI and G:F were fitted to quadratic plateau broken line analysis using a Nutrition Response Model Program (version 1.1, Vedenov and Pesti, Georgia University, USA). Further analysis of plasma urea, haptoglobin, albumin and TNF-α were conducted using repeated measures ANOVA to examine sampling time by treatment interactions.
All means are reported as least square means. Statistical significance was accepted at P < 0.05 and 0.05 < P < 0.10 was considered a trend.
RESULTS

Diet analysis
The analyzed GE and CP contents were similar between diets and close to calculated values (Tables 3 and 4 ). The final SID SAA:Lys (corrected after diet analysis) for Phase 1 diets were 0.46, 0.55, 0.61, 0.69 and 0.77 (Table 3 ). The final SID SAA:Lys (corrected after analysis) for Phase 2 diets were 0.47, 0.55, 0.63, 0.71, 0.78 (Table 4 ). All data presented hereafter will refer to the corrected SID SAA:Lys of Phase 2 diets as SID SAA:Lys.
Evaluation of infection with E. coli
Research staff observed that pigs displayed clinical signs of edema disease such as neurological symptoms and overt diarrhoea within one day of infection with ETEC. Edema disease diagnosis was confirmed by clinical analysis (serotyping of culture) and affected all treatment groups including the non-infection control with total mortality ranging from 15-40%, however it was not different between treatments (P = 0.324; Table 5 ). Data for pigs that died were completely removed from the dataset.
The faecal swab score for F4 E. coli showed a significant time effect with scores on d 8 and 17 after weaning having the lowest values and d 13 having the highest value (P < 0.001). No effect of treatment on faecal swab scores for F4 E. coli was found at any time point (P > 0.05; Table 5 ).
There was an effect of time on days with PWD, with more diarrhoea occurring during d 7-15 after weaning than any other time period (P = 0.011). The number of days with PWD was not different between treatment groups for any time period (P > 0.05; Table 5 ).
Production traits
Due to F4 and F 18 E. coli being present and affecting the control as well as the experimentally-infected pigs, data for pigs fed 0.55 SAA:Lys regardless of experimental infection were combined; data did not differ (P > 0.10) between these two treatment groups. No differences between treatments were observed for any production traits during the adaptation period (d 0 -6) after weaning (P > 0.05; data not shown). Table 6 ). Table   6 ). Table 8) .
DISCUSSION
The general hypothesis tested in the present study was that weaner pigs infected with ETEC and presumed to be under inflammatory stress would require greater levels of dietary SAA:Lys for modulation of inflammation responses as well as maintaining production performance than the level recommended by the National
Research Council (2012) of 0.55 for pigs of this body weight range. It has been documented previously that inflammatory stress can increase the requirement for SAA in growing pigs (Li et al., 2007; Rakhshandeh et al., 2007; Kim et al., 2011b; Kim et al., 2012b) . The present study confirmed the hypothesis and found that increasing dietary SID SAA:Lys to the level that are greater than currently recommended by National Research Council (2012) improved ADG, ADFI and G:F.
In accordance with previous statistical analysis of nutritional response modeling (Pomar et al., 2003; Pesti et al., 2009) In the present study pigs were likely to have experienced a greater level of challenge as a result of experimental infection in addition to edema disease, which may help to explain the differences in optimum ratios between the present study and other studies (Gaines et al., 2005; Owen et al., 1995; Peak, 2005; Yi et al., 2006) .
Infection with E. coli and assessment of inflammation and immune stress
Escherichia coli (F18) causing oedema disease is known to colonize the small intestine, producing a toxin that causes vascular lesions in the intestine leading to diarrhoea (Imberechts et al., 1992) . Pigs within the current study, regardless of treatment group, displayed symptoms of oedema disease, and this was confirmed by a strain of F18 E. coli that was isolated from these pigs. The outbreak of oedema disease was unexpected and not the focus of this work, however the oedema disease undoubtedly contributed to the total health challenge on the animals. Unlike F4 fimbriae, no genetic screening for F18 fimbriae was able to be conducted in these pigs before experimentation, thus receptors for F18 may not have been evenly distributed between treatments and may have, in part, caused the varying level of mortality between groups.
The non-infected control animals showed the same levels of F4 E. coli shedding and number of days with PWD both prior to (d 8) and after experimental infection with F4 E. coli as the animals in the infection groups. Mortality rates of pigs fed 0.55 SAA:Lys were the same between pigs infected with F4 E. coli and those not infected with F4 E. coli, suggesting that pigs were equally affected by disease.
Compared to Heo et al. (2009) , who used a similar infection model with F4 E. coli, faecal swab plate scores had similar values as the present trial. Observations of piglets and mortality data also indicated all animals were exposed to oedema disease causing F18 E. coli.
Markers of inflammation and immune stress were measured to ascertain if the higher levels of SAA in the diet modulated the inflammatory response in response to infection with ETEC. Acute phase proteins (APP) are commonly used as indicators of herd health as they sharply respond to inflammation and immune stimulation (Eckersall et al., 1996) . There are two types of APP: positive APP (e.g. haptoglobin), which increase under conditions of inflammation, and negative APP (e.g. albumin)
that decrease under such conditions (Eckersall and Bell, 2010) . Methionine and Cys make up 40 g/kg of protein for haptoglobin (a positive APP) and only 35 g/kg protein for muscle (Dahl, 1962; Peters, 1985; Reeds et al., 1994) , thus an inflammatory response would require greater SAA relative to other amino acids than protein deposition. Haptoglobin levels in the present study were higher than the upper threshold for inflammation (induced by 0.3 mL turpentine/kg BW injection) as described by Heegaard et al. (2011) . Levels of haptoglobin in the present study were also higher than levels reported by Kim et al. (2011a) in weaner pigs also infected with ETEC, further supporting the notion that pigs in the present study were suffering from a marked inflammatory challenge. However this was not attenuated by increasing SID SAA:Lys. The effect of time on haptoglobin level was expected as Pomorska-Mól et al. (2012) showed a trend for increased haptoglobin levels in pigs from 4 to 6 weeks of age.
Due to the high cysteine content in albumin (Reeds and Jahoor, 2001) , it was expected that higher dietary levels of SAA would maintain albumin levels during an inflammatory challenge. However, the present study found a decreasing trend of plasma albumin with increasing SID SAA:Lys immediately after infection. These findings are in contradiction with work by Litvak et al. (2013) who found that higher Met:SAA increased plasma albumin. Albumin catabolism produces AA and it is thought that the decrease albumin in animals suffering from infection is due to increased breakdown rather than decreased synthesis (Reeds and Jahoor, 2001 ).
Baynes and Thorpe (1981) used labeled serum albumin in rats to determine the major catabolic sites and found the 40-60% of the albumin dose was catabolized in muscle and skin. The present study found an increase in daily gain with increasing SID SAA:Lys, which would also increase muscle and thus the catabolism of albumin which may explain this unexpected finding. Plasma albumin also decreased over time.
Nevertheless, literature on plasma albumin is contrasting where some authors (Heegaard et al., 2011; Rakhshandeh and de Lange, 2012) showed no response of immune stimulation (using an LPS injection) on plasma albumin, however, Litvak et al. (2013) found that immune stimulation caused by LPS injection decreased plasma albumin. Rothschild et al. (1979) found that in cases of myxedema there was evidence of tissue trapping of albumin. Thus, the decrease found in the present study in plasma albumin over time could be a result of increased tissue retention of albumin caused by oedema, increased catabolism caused by infection, or increased muscle mass also facilitating albumin catabolism.
The pro-inflammatory cytokine, TNF-α, did not show a response to increased SID SAA:Lys in the diet, further supporting the notion that SID SAA:Lys was not modulating the inflammatory/immune response in the present study. This may have been due the unknown effect of mixed infection with both F4 and F18 E. coli.
Plasma urea and amino acids
Excess amino acids cannot be stored and are degraded with the production of urea, hence PU levels are often used as an indicator of protein utilization efficiency and have been used to determine protein requirements (Chen et al., 1995; Heo et al., 2009 ). Conversely, lower PU levels can indicate that either nitrogen utilization efficiency is increased or muscle protein catabolism is decreased, which can be a result of anabolic factors such as growth hormone or protein synthesis or catabolic factors such as an immune response (Shen et al., 2012) . The interaction effect on PU between sampling day and SID SAA:Lys indicates that stage of infection (preinfection, during infection and after infection) alters the urea content in the plasma of weaner pigs.
It was unsurprising to find that plasma levels of Met, Cys-Cystine and Tau increased with increasing levels of dietary SAA:Lys as they are sulphur-containing AA. In the present study, increasing dietary SID SAA:Lys also decreased plasma Ser.
As Ser is essential for the conversion of homocysteine to Cys (Kim et al., 2012b) , it suggests that significant amounts of Met were converted to Cys to support whole body antioxidant capacity. These patterns of plasma AA in response to immune/inflammatory stress are in congruency with Kim et al. (2012a) , who also reported similar patterns in Met, Tau and Ser in grower pigs given LPS to induce immune stimulation. Taurine is metabolized from Cys and represents an irreversible loss of Cys (Rakhshandeh and De Lange, 2011) . Work by Malmezat et al. (1998) Lysine levels in plasma decreased with increasing SAA:Lys. Lysine has high concentrations in haptoglobin and muscle (92 g Lys/g haptoglobin and 92 g Lys/g muscle; Dahl 1962; Reeds et al., 1994) , and thus is expected to decrease as SAA:Lys in the diet increases. This is because once SAA are not limiting more Lys will be utilized for production of APP or protein deposition.
In conclusion, oedema disease and F4 E. coli affected all treatments equally as measured by mortality, faecal swab scores and days with PWD, and may have increased the requirement for SAA above recommended levels. Under the conditions of this experiment, quadratic broken-line analysis determined that feeding a diet with average SID SAA:Lys of 0.70 maximized ADG, and G:F of 8-to 20-kg pigs. These levels are above those currently recommended by the National Research Council (2012) for pigs of this BW, hence pigs subject to an ETEC challenge in the postweaning period where diets are devoid of antimicrobials may require higher levels of SID SAA:Lys than currently recommended. However, and given the unavoidable lack of a non-infected control in the present study, then some caution with regard to the overall implications of the study is advised. Agar plates were scored from 0-5 according to the number of streaked sections that had visible growth of haemolytic E. coli where 0 = no growth, 1 = E. coli in first section, and so on 5 = heaviest growth (Heo et al., 2009 
